Introduction 1
Nitrification, the sequential oxidation of ammonia to nitrite and then nitrate, is a critical 2 step in the nitrogen cycle, and is carried out by phylogenetically and physiologically distinct 3 microorganisms. In coastal systems, nitrification is often coupled to denitrification (Jenkins and 4 Kemp, 1984; Sebilo et al., 2006) , resulting in the ultimate return of nitrogen to the atmosphere. 5 Thus, the fate of ammonia plays a major role in the regulation of primary productivity, 6 particularly in marine systems where nitrogen is often the limiting nutrient (Howarth, 1988) . 7 Despite the obvious ecological importance of nitrification, regulation of microbial populations 8 that mediate it is poorly understood, particularly as new pathways of ammonia oxidation and 9 new groups of ammonia-oxidizing organisms are discovered. Identifying environmental factors 10 that regulate the diversity, distribution, and activity of nitrifiers is paramount to gain a more 11 complete understanding of nitrogen-cycling, particularly in nitrogen-sensitive environments, 12 such as estuaries and salt marshes. However, several recent studies of AOA and AOB in estuarine systems suggest a more complex 14 picture of ammonia oxidizer ecology, so we focus here on the ammonia oxidizers in estuarine 15 systems, where the patterns and processes appear to differ significantly from those in pelagic 16 systems. 17 18
Nitrification in estuaries and salt marshes 19
Effects of changes in physico-chemical conditions along an estuarine gradient on 20 nitrification rates have been well documented, and indicate decreased nitrification as the salinity 21 increases (Seitzinger, 1988; Rysgaard et al., 1999 
Diversity of AOA and AOB in estuaries 22
A recurring paradox in microbial ecology is high species diversity within a functionally 23 similar group. Because all autotrophic ammonia oxidizers require NH3, O2, and CO2, there is the 24 potential for intense competition among ammonia oxidizers. Because estuaries experience high 25 spatial and temporal heterogeneity of physico-chemical parameters, such as pH, NH4 + 26 availability, O2 tension, CO2 availability, salinity, sulfide, and temperature, they are particularly 27 interesting habitats in which to study niche differentiation among ammonia oxidizers. Daily tidal 1 fluctuations are typically accompanied by changes in a suite of physico-chemical properties, 2 demanding physiological plasticity of the resident microbes or, alternatively, a community of 3 microbes with varying tolerance to these conditions. Studies of AOB from natural environments 4 have found differences in substrate affinity (Stehr et Studies of microbial diversity often focus on characterization of the 16S ribosomal RNA 13 genes, which have universally conserved regions that are suitable targets for diversity studies. 14 However, to study diversity within a functional group of microorganisms, the organisms must be 15 monophyletic or, alternatively, one of the genes responsible for the function of interest may be 16 targeted. Although the AOB form a monophyletic group, many of the primers targeting the 17 16S rRNA genes are selective rather than specific (Utaker and Nes, 1998) were unable to confirm the activity of the Nitrosospira cluster 1-like AOB using a stable isotope 22 probing approach with Archaeal amoA sequences fall into one of two major clusters, a cluster dominated by 24 sequences recovered from water column and sediments and a cluster dominated by sequences 25 from soils and sediments (Figure 4 ). Sequences from both clusters have been recovered from 26 estuarine sediments, but in most estuaries, the majority of the sequences fall into the water 1 column/sediment cluster (Table 1) . 2
From the handful of studies in estuaries, AOA richness is generally much greater than 3 AOB richness, based on numbers of different gene sequences (Table 1) were present at all sampling points, but the community composition shifted with changing 25 salinity and temperature (Sahan and Muyzer, 2008) . 26 Although salinity is often identified as a key factor in regulating nitrifier community 1 composition and abundance, it is likely that salinity is not the only factor involved, since many 2 other factors may covary with salinity. AOA abundance has also been strongly correlated with sediments, indicating a shift from AOB dominance at some sites to AOA dominance at other 24 sites. These patterns suggest a strong spatial structure within estuaries, perhaps driven by 25 changes in salinity, but the evidence so far does not indicate a simple salinity effect. 26 Interestingly, from most oceanic studies of AOA and AOB, AOA are thought to be the 27 dominant nitrifiers. Based on this, one would predict that as salinity increases in the estuary, 1 ratios of AOA to AOB would also increase, yet the reverse appears to be true. The driving 2 force behind this shift in numerical dominance, and possibly metabolic dominance, in estuaries 3 versus oceanic systems has yet to be explained. Possible niche differentiating factors could 4 include ammonium availability, oxygen partial pressure, sulfide concentrations or organic 5 loading. suggests a metabolic link. Thus, it is clear from studies in pelagic systems that AOA are 16 abundant and often outnumber AOB, and the current evidence suggests that at least some of 17 the group I Crenarchaeota are involved in nitrification. However, the evidence from estuarine 18 systems suggests a more complex story. 19 In a previous study of the abundance of  -AOB and potential nitrification rates along an 20 estuarine salinity gradient, strong site-specific correlations between ammonia oxidation rates and 21  -AOB abundance were detected that suggested functionally distinct  -AOB communities 22 along the gradient (Bernhard et al., 2007). Highest rates, but lowest  -AOB abundances, were 23 detected at the low salinity site, suggesting that there may be other ammonia oxidizers 24 contributing to nitrification, or that there are significant differences in cell-specific oxidation 25 kinetics. It was hypothesized that the distribution of AOA could explain the varying correlations 26 between rates and  -AOB abundance along the salinity gradient. However, inclusion of AOA 27 abundance with -AOB abundance caused the correlation with rates to collapse completely at the 1 low and mid salinity sites, and decreased by more than 10% at the high salinity site (Bernhard et  2 abundance did not correlate with potential rates in either of these studies, suggesting that either 9 our understanding of the relationship between nitrification activity and the organisms responsible 10 is incomplete or that the methodology is flawed. 11
Potential rates are typically measured by adding ammonium to sediment slurries and 12 incubating them with shaking for hours to days, thus disrupting any sediment structure, and rates 13 are calculated by following the generation of nitrate. Potential nitrification rates are typically 14 much higher than in situ rates, but whether it is the addition of ammonium or non-limiting 15 oxygen conditions that is responsible for stimulating nitrification is not clear. It is thought that 16 potential nitrification rates should correlate with the abundance of ammonia oxidizers 17 (Henriksen, 1980) . Thus, inaccurate measurements of either the potential rates or the abundance 18 of ammonia oxidizers will lead to a collapse in the expected relationship. to date (Hallam et al., 2006) . The lack of a complete pathway for ammonia oxidation as found in 7 AOB raises the possibility that AOA may oxidize ammonia with a different metabolic pathway. 8
The answer to this will be best addressed by directed biochemical and genetic studies of pure 9
cultures. 10
Carbon utilization remains another question plaguing the AOA research community. did not account for the estimated rates of nitrification (Watson, 1965) and predicted that there 6 must be other ammonia oxidizers in the ocean, but until now, none had been discovered. Thus, 7 the discovery of ammonia oxidation among Archaea has helped solve a forty-year old mystery, 8 but it has also led to an entirely new set of questions about the ecology and physiology of 9 ammonia oxidizers. Although much of the evidence in the last few years has come from ocean 10 and soil environments, we think the steep environmental gradients found in estuaries provide an 11 ideal natural laboratory in which to study AOA and AOB dynamics and ecology. 
